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PROCEDURES FOR GENERATION AND REDUCTION OF LINEAR
MODELS OF A TURBOFAN ENGINE
by Kurt Seldner and David S. Cwynar

Lewis Research Center

SUMMARY

A real-time hybrid simulation of the Pratt & Whitney F100-PW-F100 turbofan en-
gine was used for linear-model generation. The linear models were used to analyze
the effect of disturbances about an operating point on the dynamic performance of the
engine., A procedure that disturbs, samples, and records the state and control vari-
ables was developed.

For large systems, such as the F100 engine, the state vector is large and may con-
tain high-frequency information not required for control. Thus, reducing the full-state
to a reduced-order model may be a practicable approach to simplifying the control de-
sign. A reduction technique was developed to generate reduced-order models. Selected
linear and nonlinear output responses to exhaust-nozzle area and main-burner-fuel-flow
disturbances are presented for comparison.

INTRODUCTION

During the past decade linear-control-design techniques for multiple-input -
ultiple-output (multivariable) systems have been the subject of much research. Most
equire a linear time domain or state-space formulation of the dynamic characteristics
f the process. Although modern turbofan and turbojet engines are considered multi-
ariable processes, they are normally described by many nonlinear, dynamic relations.
hus, linearization procedures must be used to obtain a linear, state-space representa-
ion of the nonlinear, multivariable process. Because the linear models are only valid
bout a particular operating point, several models must be generated to describe the
ngine operation over a wide operating envelope. Once linear models are obtained, the
ontrol can be designed using a linear multivariable procedure.

Digital and hybrid engine simulations are available to extract linear models at
arious operating points throughout the flight envelope. This report describes the pro-



cedure for extracting linear models from a real-time hybrid computer simulation of a
turbofan engine - the Pratt & Whitney F100-PW-100(3) engine (ref. 1). The computer
simulation was developed as part of the F100 multivariable-control, synthesis program,
sponsored jointly by the Air Force Aeropropulsion Laboratory and the NASA Lewis Re-
search Center.

The report includes (1) a description of the engine simulation, (2) a brief descrip-
tion of the analytical basis for the linear-model generation technique, (3) a method for
reducing the resultant linear~-model complexity by eliminating unwanted information,
and (4) a presentation of selected dynamic responses for both nonlinear and linear
models. The hybrid-computer listings for generating the disturbance data for comput-
ing linear models, system matrices, and eigenvalues for several operating conditions
are presented in the appendix.

DESCRIPTION OF F100 TURBOFAN ENGINE

The Pratt & Whitney F100-PW-100(3) engine (fig. 1) is an axial, mixed-flow, twin-
spool, low-bypass-ratio turbofan with afterburning capability. The engine has a single
inlet for both fan and core airflow. The fan airflow is separated into two streams: one
passing through the fan duct and the other passing through the engine core. A three-
stage fan is connected to a two-stage, low-pressure turbine. A 10-stage compressor
is connected through a hollow shaft to a two-stage high-pressure turbine. The fan has
variable guide vanes; the compressor has a variable guide vane followed by two vari-
able rear stator vanes. Compressor discharge bleed air is used for cooling the high-
and low-pressure turbine blades and for powering the augmentor turbopump.

The main combustor consists of an annular diffuser with 16 fuel nozzles. The duct
and core streams combine in the augmentor section and discharge through a variable
convergent-divergent nozzle. The augmentor consists of a diffuser section with five
concentric fuel manifolds.

The basic engine-control system consists of a hydromechanical fuel-control system
and an electronic-supervisory-control system. The function of the hydromechanical
control is to (1) meter fuel to the main burner as a function of power-lever angle (PLA),
compressor speed NH, fan-discharge total pressure P13, and compressor-discharge-
static pressure Pga, (2) position the compressor-stator vanes to improve starting and
high Mach number characteristics, (3) meter fuel to the five afterburning zones as a
function of power-lever angle, fan-duct discharge temperature, and compressor-
discharge-static pressure, and (4) control exhaust-nozzle area to maintain desired en-
gine airflow during augmented operation.

The electronic supervisory-control positions the inlet-guide vanes, trims main-
combustor-fuel flow to maintain engine operation within safe limits, and trims exhaust-
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nozzle area to satisfy engine-flow requirements (refs. 1 and 2).

ENGINE SIMULATION

The development and evaluation of controls for aircraft propulsion systems requires
a dynamic model of the engine and control system. The simulation allows us to study
and predict engine performance over the specified operating range. The mathematical
model can also be used to evaluate various control concepts and to study problems dur-
ing the development and testing phases of an engine.

The details of a hybrid-computer simulation for the P&W F100-100(3) turbofan en-
gine are reported in reference 1. The engine was modeled in real time on the EAI
680-640 hybrid computer. Real-time simulation permits operation with digital control
software. Figure 2 is a block diagram of the interconnection of the various engine com-
ponents as well as their significant variables. The real-time, hybrid-computer, engine
simulation was modeled according to the engine manufacturer's digital simulation. The
steady-state characteristics of the rotating elements (compressor, fan and turbine per-
formance maps) were extracted from this digital simulation. The digital portion of the
hybrid computer was used to generate nonlinear bivariate functions for the component
performance maps. Interconnecting volumes between components were used whenever
the gas dynamics are significant or are required to prevent computer instability due to
algebraic loops. The continuity, energy, and state equations were solved for each
volume. The equations for conservation of angular momentum are used for the fan-
and compressor-speed calculations.

LINEAR MODEL GENERATION
Linearization of Model
The F100 engine is a complex, nonlinear, dynamic process consisting of many
states. Small-signal-linearization techniques (ref. 3) can be used to represent the non-

linear process about an operating point by a set of first-order matrix differential equa-
tions. The system equations can be written as

X = Ax + Bu (1)
y = Cx + Du (2)
z = Hx (2a)
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Equation (1) defines the relation between the system states X, i=1,2, ..., n)and
the forcing function u, (j = 1,2, . . ., p). Equation (2) relates the outputs y to the
states X; and control inputs . The symbols are defined in appendix A.

L1near models generated from the real-time, hybrid-computer, engine simulation
contain all states defined by the engine model. The states as well as control and output

variables are as follows:

Engine state variables:
(1) Fan speed, N;, rpm
(2) Compressor speed, N g rpm
(3) High-turbine-inlet pressure, P, N/cm
(4) Stored mass in the fan-turbine-inlet volume, W 410 X8
(5) Nozzle-inlet pressure, Pn, N/cm2
(6) Fan-turbine-inlet pressure, P4, N/cm2
(7) Stored mass in the fan duct, W4, kg
(8) Fan-duct temperature, T, g, K
(9) Stored mass in the high-turbine-inlet volume, W,, kg
(10) Stored mass in the compressor-discharge volume, W3, kg
(11) Compressor-discharge temperature, Tzs, K
(12) Afterburner-~inlet pressure, P, N/cm
(13) Stored mass in the afterburner-inlet volume, W, kg
(14) Stored mass in the nozzle-lnlet volume, W7, kg
(15) Afterburner gas flow, W6’ kg/sec
(16) Fan-duct airflow, w13, kg/sec

Control variables:
(1) Fan-inlet-guide-vane angle, CIVV, deg
(2) Rear compressor variable vanes angle, RCVV, deg
(3) Nozzle throat area, An’ m?
(4) Main-burner-fuel flow, v'vf4, kg/hr
(5) Afterburner fuel flow, wer, kg/hr

Output variables:
(1) Fan airflow, ‘;Vfan’ kg/sec
(2) Rear-compressor-variable-vane angle, RCVV, deg
(3) Net thrust, Fn’ kN
(4) High-turbine-inlet temperature, T,, K
(5) Fan-discharge-flow parameter, AP/P13
(6) Fan sall margin, SMF
(7) High-compressor-stall margin, SMHC




Linear models must be generated about an operating point along the normal operating
line of the engine. Since these models only describe the engine performance for small
input disturbances at a specified operating point, several linear models must be gener-
ated. The process of disturbing, sampling, recording, and reducing the raw data is
automated. Disturbances of state and control variables are used to generate data from
which the various elements of the system matrices of equations (1) and (2) can be deter-
mined. The magnitude of the disturbance is limited to +2 percent to insure that per-
formance is maintained within a linear range of operation. The resulting linear models
describe the dynamic performance of the engine about the specified operating point.

Linear Model Generation

The process of acquiring the data for model generation is outlined in figure 3. To
generate linear-state models, the engine simulation must be set up at a specified power
and flight condition. At the desired operating condition a hybrid subroutine (STATE 1)
can be used to set the initial conditions for the desired operating condition. After the
initial conditions (steady-state values for state variables) are set, the analog portion of
the hybrid computer can now be placed in the ""initial condition’ mode. This procedure
prevents integrator drift during the sampling and data recording process. Another hy-
brid subroutine (STATE 2) applies the disturbances to the state and control variables.
The disturbance data are trunked to the SEL810B digital computer for sampling and re-
cording. The two subprogram listings (STATE 1 and STATE 2) are given in appendix B.

The block diagram in the lower portion of figure 3 illustrates the sampling, verify-
ing, and recording processes of the disturbance data. The processes are outlined in
more detail in the flow charts of figure 4. On initiation of the sampling process, a time-
delay circuit is activated to insure that the simulation is steady state. A latch circuit is
also setto L = -2 and updated during the process for logical decisions. Each engine
variable was sampled 4096 times, and a mean M; was calculated for each variable.
The sampling process was repeated, and a second mean M2 was calculated. The two
means My and M2 were compared. If the error between the means is within 5 milli-
volts, the data are accepted and descaled to engineering units. If the error between M,
and M2 exceeds 5 millivolts, the sampling and validation process is repeated. At this
time the latch circuitry is also updated. If the My and M2 are not within tolerance
after the second trial, the process is terminated and the operator alerted. All accept-
able data are stored on a floppy disk before being transmitted to the IBM 360 computer.

The sampled data must be read into the IBM 360 computer. Figure 5 presents a
block diagram showing the data verification, processing, and linear model generation.
After the sampled, descaled data are read into the computer, the mantissa and charac-
teristic of each variable are added to form a check-sum. The check-sum value is



compared with that stored on the floppy disk by the SEL810B computer. If the two
values agree, the process continues to the validation mode. If the two values do not
agree, the process is terminated, and the data must be corrected.

The data were then validated by verifying that the correct variables were disturbed
and that the removal of the disturbance resets the state and control variables. A base
run (without disturbances) was used for comparison. The tolerance between the two
sets of data (base and reset) must be within a specified tolerance. If they are within
tolerance, the data can be processed to compute the system matrices. The matrix com-
putations used both positive and negative disturbances to obtain a better average and
minimize numerical errors. The system matrices were stored in the IBM 360 computer
for later use in calculating the dynamic characteristics of the linear models.

LINEAR MODEL OPERATIONS
State Vector Transformation

Some of the states generated by the F100, real-time simulation, such as mass,
may not be measurable and must be converted to either a pressure or temperature re-
lation. Taylor's series and the equation of state were used to modify the state vector
so that it included only desirable measurements for the linear models. These generated
models are valid only for small disturbances about a steady-state operating point. The
mathematical analysis relating the linear transformation of the state vector is as fol-
lows: Expand Taylor's series about the nominal operating conditions PO’ TO, Wy,
where these values are the steady-state conditions at the engine-operating point. The
Taylor-series expansion for temperature T about the nominal steady-state point T0

becomes:
| [
oT aT 1| &Pt 2
(T - T, === (P - P, + — (W-W,) + —| — (P - Pp)
0 0 o+, 0
p=P W p_p 2! 5p2
-0 -0 P:PO
W=Wo W=WO i W=WO
2T T 2
+2 (P - PO)(W - WO) b—_ (W - W,)°| +higher order terms (HOT)
3P oW p_p w2
-0 P=PO
W=Wyo wW=w, ] (3




The equation of state is

R
p=_Awr (4)
v
where R, is the gas constant of air (in N. cm/kg- K) and V is the volume (in cm3).

We may rewrite equation (4) so that

T = l R (4a)
RA w
Differentiating equation (4a) yields
e v er__ve T ___V
oP RAW oW RA W2 P oW RAW2
2 2
PrT_, FPT_,vE
ap? aw?  Ba wd
And substituting into equation (3) yields
(T - Tg) =—— (P - Pp) - ~2— (W - W)
RpoW R, W2
A
\'
- (B - PYW - W) + P w-wy?+HOT (5)
RAW RAW
If we neglect second- and higher-order terms, equation (5) becomes
(T - Tg) =—Y— (P - Pp) - —2— (W - W) (6)
RA\W 2
i
K=V AT = (T - Ty) AP = (P - Py) AW = (W - W)




then, equation (6) reduces to

AT =K ap - KR aw (7)

w W2
Differentiating equation (3) yields

— 2 2 LI
AT T2+ T Aaw+ ST 2. 2P+ 2T 2P aw
P W 2p2 3P aW

2 . 20—
+ 0T AP AW + a—T AW AW + HOT (8)
aP oW w2

When all second-order and higher-order terms are neglected, equation (8) reduces to

a7 =T 35, 2T aw (9)

AaT=-E2p-KPaw (10)
w w2
Similarly, for AP
2p =221+ 2P AW (11)
oT oW
or
2p=-Yar.Iaw (12)
K K

Using equations (10) and (12) allows the state vector to be transformed to include only
pressure, temperature, and flow relations. The transformation of the state vector can
be achieved through a transformation matrix E that relates pressure and temperature
to mass in the volume. In matrix form




X, =Ex (13)
where X is the original state vector, X, is the transformed state vector, and E is
the transformation matrix. Substituting equation (13) into equations (1), (2), and (2a)
and simplifying yield

%, = BX, + Bu (14
y = CX{ + Du (15)
z = HX (16)
where
A= }E‘.AE—1 nXxn

C=CE rXxn

and where A, B, and C are the original state, control, and output matrices.

Equations (14) to (16) are linear models composed of measurable states. The
transformation is a similarity transformation so that the original set of eigenvalues
will be retained. The transformation matrix E, of course, varies with engine operat-
ing condition; H is the identity matrix since the state vector X4 contains the trans-
formed states.

Model-Order Reduction

Before reducing the order of the linear model, it may be necessary to permute the
state vector so as to group slowly and rapidly decaying states separately. Permutation
of the state vector may also be used to select particular states for the lower order
models. A similarity transformation can be used to perform this procedure: Let

Xy = prl (17)

p

t«'here X4 is the transformed state vector, X2 is the permuted state vector, and E
is the permutation matrix. Substituting equation (17) for state vector X1 in equations




(14) to (16) yields the permuted linear model:

X, = Knxz +Bu (18)
y = C X, + Du (19)
z = H X, (20)
where
A =E KE_I nxn
n- PP
Bn= EpB nxp
C =EE_1 rxn
n
H =HE-l nxn
n p

and where X, E, and C are the transformed state, control, and output matrices.
Equations (18) to (20) form the linear model for a reordered state vector. If permuta-
tion of the state vector is not desired, the resulting matrix E_ is the identity matrix.
The output matrices HEI—)1 and CE_1 transform the permuted state vector to the orig-
inal state output and output vectors. This procedure is required to maintain the original
order of the outputs for data identification and plotting.

The selection of an appropriate set of states for the reduced model is the problem
imposed by linear model reduction. Model-order reduction can be based on the princi-
ple that the state vector can be permuted into separate groups of slowly and rapidly de-
caying states. (Usually a 10:1 separation between eigenvalues can be considered as ac-
ceptable.) However, the eigenvalues in most physical systems, cannot be readily
separated, and the identification of states with specific eigenvalues is a difficult, if not
impossible, task. In addition, specific states must be included in the reduced-order-
linear-model representation. Therefore, the reduced-order-linear-model state vector
must be based on intuition and turbofan-engine controls experience. The states that
should be considered are those required by the engine controller and protective devices.

The state vector must be partitioned into two state vectors: one with the desired
states for the reduced-order model, and the second with the remaining states that will
be eliminated. The dynamic characteristics of the latter states are neglected by setting
the derivatives to zero. These states are approximated by their steady-state values.
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The eliminated states are then reconstructed from information contained in the reduced-
order model. The reduction technique is described in references 4 to 6. The mathe-
matical formulation is as follows:

X
X = sl (21)
Xs2

where XSl is state vector of retained system states and X S92 is the state vector of

eliminated system states. Applying the notation of equation (21) to equation (1) yields
X A, 1A
.:_S_]L = __1_1_I __];2_ _.?’_1_ + | ---ju (22)
Xs2) \AgpiAgy/\Ego/ \By

where A11’ A12, A21’ A22, Bl’ and B2 are matrices resulting from the partitioning
of the n X 1 state vector Xs’ The solution of equation (22) for Xsl and st is

s1 = 811%g1 + A1pXgp + Bu
(23)
Xga = Ag1Xgy + AgpXgy + Byu
By setting XSZ = 0 and substituting into the X s1 relation
-1
Xgg = —AZZ(AZIXSI + Bzu) (24)
the Xsl relation becomes
X:(A AAIA) +( AAl)u (25)
sl 11 1277227721/ sl 12722 2
For the output equation (2)
X
y=(Cy i CHl--81)+ Du (26)
I Xs2

where ¢y and C2 are matrices resulting from the partitioning of the output vector y.
Substituting for X_o in equation (26) yields
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y= (Cl CyAzpA 21) s1*t (D - CzAzsz>“ (27)
Similarly, for equation (2a)
_ -1 1
Z = (H1 2A22A21) s1 H2A22B2u (28)

where H1 and H2 are matrices resulting from the partitioning of the state output vec-
tor z. The dimensions of the state, control, and output vectors, and system matrices
are given in appendix A. Rewriting equations (25), (27), and (28) yields

=AX

s 1+BSu

1
y= ESXS]- + Bsu (29)

Z = HsXsl + Huu

where

Ag= (An - A12A§21A21)

By = ( 1 AlezéBz)
Ty = (Cy - Cpazpm, 1)
D, = (D - CyA53B 2)
Hy = (Hl HyAz3A, 1)
H, = -HA3B,

Equations (29) represent the reduced-order-linear model.
(A, B C, D, H) must be replaced by the reduced-order-linear model matrices (A
The reduced-order model matrices contain sufficient information to re-

C , H )
construct all eliminated states and outputs.

The system matrices

’

It should be emphasized that the reduced-

model accuracy is strongly dependent on the eigenvalues for the retained and eliminated

states. I the ratio of the lowest eigenvalue
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eigenvalue for the retained states is large, a good approximation to the full-state linear
model can be achieved. A property of the normal reduction technique is that the condi-
tion st = 0 forces the final value of the reduced models to the same steady-state value.
This type of reduction is known as a type I method. An alternative method whereby

X2 = 0 is identified as a type I reduction technique.

The real-time, hybrid computer simulation of the Pratt & Whitney F100-PW-100(3)
turbofan engine was used to determine the linear models at the sea-level-static condi-
tion. The state, control, and output matrices of equations (1) and (2) were generated at
several power conditions along the operating line. The system matrices for the linear
model representation are presented in appendix C.

The state and control disturbances were limited to insure that engine performance
would be maintained over its linear operating range. Because of the low-level disturb-
ance signals, the output variations were so small that they caused large errors in the
sampling process. The errors are mainly due to resolution and inaccuracies of the re-
cording devices. Studies can be conducted to establish the optimum magnitudes of the
disturbance signals to obtain good correlation between nonlinear and linear models.
However, because of the tremendous effort expended in generating system matrices,
the magnitudes of the disturbances were maintained at a constant value. The model-
reduction technique, described previously, was used to reduce the full-state (16th order)
linear'models to lower-order models. The system matrices for several reduced-order
models at the sea-level-static intermediate power condition are given in appendix C.

DISCUSSION OF RESULTS
Nonlinear and Full-State Models

Figures 6 and 7 present the comparison of nonlinear and full-state-linear-model
responses to step changes in exhaust-nozzle area and main-burner-fuel flow. The non-
linear responses were obtained from the F100-PW-100(3) real-time hybrid computer
simulation.

Figure 6(a) presents the change in fan speed Ny to a step change in exhaust-nozzle
area. The two responses are at first quite close, but a slightly lower final steady-state
value is obtained for the nonlinear model response. This error is about 12 rpm or
11 percent. Similar responses for compressor speed Ny are shown in figure 6(b). The
linear and nonlinear models exhibit different performance characteristics in that the
final value of the linear model is much smaller than the nonlinear. The dynamic differ-
ence between the nonlinear and linear models is caused by low signal levels. The ac-
curacy and resolution of the analog-digital converters may be insufficient to detect the
low signal levels. The results for fan turbine-inlet temperature T43 are given in
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figure 6(c). The nonlinear and linear models exhibit similar characteristics. The non-
linear model experiences a higher temperature overshoot (about 1 K) than the full-state
model. The final value of the nonlinear response is slightly lower (about 2.2 K). The
extremely small magnitude of the final value (0. 15 mV) for the full-state response is
causing inaccurate results. The responses illustrating the change in exhaust-nozzle
pressure P, for a change in exhaust-nozzle area are shown in figure 6(d). The char-
acteristics of the two models follow closely with a final steady-state error of about’
0.028 N/cm2 or 6.6 percent. Thrust responses are shown in figure 6(e). Thrust is an
output quantity so that the feed-forward term Du contributes to the initial thrust. The
feed-forward matrix D represents the direct, linear relation between output y and
input u. Slightly more undershoot can be noted for the nonlinear response. The final
steady-state error is about 0. 17 kN.

Figure T presents selected step responses to fuel-flow disturbances in the main
burner. The change in fan speed Ny 1is given in figure 7(a). Although the nonlinear
and linear models exhibit similar dynamic characteristics, a steady-state error of
11 rpm, or 15.9 percent, was obtained. The responses for compressor speed NH are
compared in figure 7(b). The two models exhibit similar characteristics, although a
final steady-state error of 15 rpm, or 30 percent, was observed. The magnitude of the
signal levels for the full-state model is small (about 2. 4 mV max) causing large errors.
The accuracy of the analog digital converters is evident for the full state response. The
results for main burner pressure P, fora fuel-flow disturbance are presented in fig-
ure 7(c). The nonlinear response exhibits the same trend as the linear response; how-,
ever, a final steady-state error of 0.5 N/cm2 or 17 percent was noted. The responses
for fan turbine-inlet temperature T,; are shown in figure 7(d). The nonlinear response
shows slightly more temperature overshoot and a 0. 8 K or 10 percent higher steady-
state value than the linear response. The change in exhaust-nozzle pressure to a fuel-
flow disturbance is presented in figure 7(e). Although the nonlinear response follows
the same trend as the linear model; it had a final steady-state error of 0. 035 N/cmz,
or 14 percent. The change in thrust is given in figure 7(f). A higher final steady-state
value (about 0. 13 kN or 15 percent) was obtained for the nonlinear response.

Full-State and Reduced-Order Models

The responses for full-state and reduced-order linear models for step changes in
exhaust-nozzle area and main-burner-fuel flow are presented in figures 8 and 9. Step
responses for several reduced-order models were generated to establish the model
order that would most closely match the full-state model. The adequacy of the full-
state and reduced-order linear models to describe the nonlinear engine was determined
by applying disturbances (area and fuel flow) to the various linear models and observing
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the transient behavior.

The change in fan speed N; to a step change in exhaust-nozzle area for several
linear models is presented in figure 8(a). Excellent agreement was obtained for the
full-state and seventh-order linear models. A slightly faster rise time can be observed
for the lower order models (fifth and third). The dynamics of the linear models are
nearly identical, and fan speed could be approximated by a lower order model. Similar
step responses for compressor speed are shown in figure 8(b). Excellent agreement can
be observed between the full-state and seventh-order models. A slightly faster rise
time was noted for the fifth~ and third-order models. The response characteristics of
the linear models differ from the nonlinear model (fig. 6(b)). As mentioned previously,
the results for the linear models may contain inaccuracies due to the signal levels being
too low for accurate detection by the conversion devices. Again, the full-state model can
be approximated by a lower order model. The results for burner pressure Py (tig. 8(c))
show extremely small burner-~-pressure variations for a step change in exhaust-nozzle
area. Excellent agreement can be observed for the full-state and seventh-order models
and for the fifth- and third-order models. A slightly larger pressure undershoot exists
for the two lower order models. The responses for fan-turbine-inlet temperature Tyq
are given in (fig. 8(d)). This state is a reconstructed quantity for the third-order model,
as is evident from the initial temperature rise. The feed-forward term ﬁu in the state
output equation (29) contributes to the initial temperature rise. The magnitude of the
signal levels (about 0.5 mV) is extremely small and can cause difficulties in the samp-
ling process. The responses illustrating the change in exhaust-nozzle pressure P,7 for
an exhaust nozzle disturbance (fig. 8(e)) show excellent agreement between full-state and
seventh~order linear models. Since exhaust-nozzle pressure is a reconstructed state
for the third-order model, the feed-forward term flu causes an initial pressure drop
of 0.59 N/cmz. After the initial transients, good agreement is obtained between the
fifth- and third-order models. The thrust Fy, responses are presented in figure 8(f).
Because thrust is an output quantity, the feed-forward term Du causes an initial change.
The agreement for the full-state and seventh-order model is favorable, but slightly more
undershoot is obtained for the full-state model. The third-order model response ini-
tially differs from the fifth-order response, but after 25 msec follows closely.

Figures 9 present selected responses to main-burner-fuel-flow disturbances. The
change in fan speed N;, results (fig. 9(a)) show excellent agreement between the vari-
ous linear models. However, the seventh-order model has a slightly higher rise time
than the other reduced-order linear models. Since the dynamic characteristics of the
full-state and reduced-order models are extremely close, the full-state model can be
approximated by a lower order model. Excellent agreement can also be noted in the
responses for compressor speed Ny (fig. 9(b)) for the full-state and seventh~order
models and the two lower order models. The results for burner pressure P, (fig. 9(c))
show that the responses for the various linear models are extremely close and allow the
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full-state model to be approximated by a lower order model. Fan-turbine-inlet tem-
perature T,; responses are shown in figure 9(d). The temperature overshoot of the
reduced order models is slightly higher than the full state model. However, good agree-
ment between the various linear models can be observed. The fan-turbine-inlet tem-
perature is a reconstructed state for the third-order model as indicated by the initial
temperature rise. The change in exhaust-nozzle pressure P7 for a fuel-flow disturb-
ance is given in figure 9(e). Good agreement can be noted for the full-state and
seventh-order models. A slightly faster rise time is exhibited by the two lower order
models. Since exhaust-nozzle pressure is a reconstructed state for the third-order
model, there is a small, initial pressure decrease in the response. The change in
thrust Fy is given in figure 9(f). Good agreement can be noted for the full-state and
seventh-order models; whereas a slightly faster initial rise time was observed for the
fifth- and third-order models.

The eigenvalues for several full-state linear models along the sea-level-static,
normal operating line are presented in table I. The eigenvalues for the full-state-
linear and selected reduced-order-linear models are tabulated in table II. A graphical
representation of the eigenvalues for the full-state and fifth-order models is given in
figure 10. This analysis indicates that the important eigenvalues are located at (-4. 86,
-6.49) and (-4.25, -6.85). Similar results were obtained for the seventh- and third-
order reduced models. Without further investigation these results imply that the dy-
namic characteristics of the full-state model can adequately be represented by a second-
order model, such as the two rotor speeds. However, additional system states may be
required for engine control and protection.

SUMMARY OF RESULTS

A real-time, hybrid-engine simulation was formulated to evaluate the multivariable-
control concept over specified power and flight conditions. The simulation was also
used to generate linear models that describe the dynamic performance for low-level
control disturbances. The latter task was performed to demonstrate linear-model-
generation techniques and develop computer methods for sampling and recording the
disturbance data. The linear-model matrices were computed on the IBM 360 computer.

The linear models, valid about a nominal operating point, were used to obtain the
response characteristics for exhaust-nozzle area and main-burner-fuel-flow disturb-
ances. The linear models were cross-plotted with the nonlinear responses. Differences
in the dynamic responses and final steady-state values can be observed for the linear and
nonlinear models. The nonlinear models exhibit, for several conditions, slightly larger
overshoot or undershoot. The difficulties encountered in the sampling and recording
process are evident by the final value errors. In many cases the signal levels are ex-
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tremely small and below the resolution of the analog-digital conversion modules.

For large systems, such as the F100 turbofan engine, the order of the state vector
is large and may contain high-frequency information not required for control purposes.
Thus, reduction of the full-state model to a reduced, lower order model could be a vi-
able approach to simplifying the control design procedure. A reduction technique was
developed to generate reduced-order models.

The comparison indicates good agreement for full-state and seventh-order models.
The initial dynamic characteristics of the lower order models differs from the higher
order responses. The error can be attributed to the type of reduction and could pos-
sibly be minimized by proper state selection for the reduced-order models. The type II
reduction method, due to the f(z = 0 approximation, forces the final steady-state
values to identical magnitudes.

The advantages of the hybrid simulation are the ease and flexibility in setting flight
and power conditions of the turbofan engine. However, the accuracy and repeatability
accomplished by a digital simulation cannot be matched with the hybrid simulation. As
noted by the nonlinear and linear results, errors can be introduced by the low signal and
high noise levels. These small signals can also cause errors in the sampling and
recording processes.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 16, 1978,
505-05.
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APPENDIX A

SYMBOLS

state matrix n Xn

transformed state matrix nXn
permuted state matrix n Xn
reduced-order state matrix m Xm
partitioned state matrix m Xm
partitioned state matrix m X (n - m)
partitioned state matrix (n - m) X m
partitioned state matrix (n - m) X (n - m)
control matrix n Xp

transformed control matrix nXp
permuted control matrix n Xp
reduced-order control matrix m Xp
partitioned control matrix m Xp
partitioned control matrix (n - m) X p
output matrix r Xn

transformed output matrix r Xn
permuted output matrix r Xn
reduced-order oufput matrix r Xm
partitioned output matrix r Xm
partitioned output matrix r X (n - m)
feed forward matrix r Xp
reduced-order feed forward matrix r Xp
state transformation matrix n Xn
state permutation matrix n Xn

state output matrix n Xn

permuted state output matrix n Xn

I —— - Y



reduced-order state output matrix n Xm
reduced-order state feed forward matrix n Xp
partitioned state output matrix nXm
partitioned state output matrix n X (n - m)
pressure, N/cm2

gas constant of air, 2. 87x10% N . cm/kg K
temperature, K

control vector p X1

volume, cm3
stored mass, kg

state vector nXx 1

state vector (slowly decaying states) m x 1

state vector (rapidly decaying states) (n - m) X 1

transformed state vector n x 1

permuted state vector n X 1
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APPENDIX B

HYBRID COMPUTER LISTINGS
State Variable Initialization Subroutine (State 1)

SUHERMI THNE STHIEDCL &
SCAD ED FRACTLION WMARTOS a0
CrIPE T HH[‘F’ A

COFMONS2T H TELS

HHPF‘1h- HHHH&J1
3o HE ke S HHIhIl*I. K
1HHhr- FHAE L SR D L GHAD L
F e FHENT o AR S HEE, -
i HHRET L AR

ARDRCE Y, HRDR OS]
ARDECI S, F
HHDE 2, HHLR

4HHH1
4HH1UC.4HHE
Uik omdobPLRICE FHMNAL G,

O ] o bl p e

]H Hid s
CHLL. W50z, TERED
CALL WEHCSIERRED
Dokt REALY (00 ‘” . || B “Ni’ AIMFL JF b
CHRLL 14f
CALL
I '
DAL GRA ‘KHHhH‘]'-'HFJ'J'~JEHHJ
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UassdaRERAD COMSOLE T RAMEFL TR T ERS
S TERRD
TERED
Lo S I= 1 1z
CARLL GRASCAALECT 2 VARTCL Y, TERRED
5 IHHT[HUE
Fr==WARI(3E
I D a=~NARTICD )
VHRI&i@ ~~""'.'HE,I'-.'U:"l'

2 s L e TERRD

CARLL QRASCAARKC ] Z.T' s LERRS

VARICZ .-—VHRIka#'

VARICZZ v =—VARI (25
Dk SET 1D FOTS FOR ALL INTEGRATORS

CALL GWBDUS 42, MART (1 h, 18, TERR:

CRLL GWDCSC58, VARI (220 4, TERR

CALL QWDCSCPL VARICZZE0. 1. IFRR
CosotdkPLACE AMALOGE TN IC

CALL ©5CCl, IERR?

CALL QSICCIERRD
Coakradd IJNITIALIZE FOR STATEZ

L=

b= 825

LHLL GECCE, TERRD

CALL G5CCl, TERR

RETURHM

EHD
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State Variable Disturbance Subroutine (State 2)

R BRAM LRI RR REY. L EY. TR

ZUBRCHLL THE = THTESGLD
SCAL R FREEUETIUN WART G,
NG TNIR R -IHIklﬁTHHTJH
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CHRLL. B
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e W 5
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| T

[RE e O AN U1QTUPBHHEE
11 WARCLI=VARICS
wHRdéj—.HRI(5;+D*vHRI(6)
CALL GWEDCSO4E. VARCS), 2, IERR)
Gﬁ T 25
YARCEI=VART (S ~DaART CED
CARLL GHDCSC47, WARCEY, 1, TERRD
G2 TO 56
LkspsbGE 21 STURBANCE
12 WARCEI-VARICED
WAL =VARICT +D*¢HRI(;)
CALL. QWNBDCSO47, VARCED, 2, IERRD
G0 TO 05
14 VARV I=WARL CF I ~DaVARICP S
CALL BHDCSC48, WARCT Y. 1, TERRF
GOOTO 58
LasttdsPE PDISTURPRANCE
15 VARV =WARI {7
WARCRIVART CRIFDEVERT 8
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GOOTO 56
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15 YARCHIWHRT (20
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22 VRRD J=NVART CLE 3~ T O
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GOOTo0 58
Costett LS DISTURBANCE
22 WARCLA h=VARICA1 )
WA =4H R RS S NE A SN I Y
CALL GeDos s WARECTT b 2
S0 70 LA
24 VMRRC1Za=
AL uHDLJL
GO T 5@
Ukl D1 STURBAMNCE

=
[A]

A=DHEVARL (S0
1 WARCSD, 1. IERR

JFFF'
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CELL LR WARCAR . Fe LERRED
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sa. 3. JFRRD
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Lok T
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APPENDIX C

F100 SERIES I-3 SYSTEM MATRICES AT VARIOUS POWER CONDITIONS

Full-State System at Sea-Level-Static - Intermediate-Power Condition;
Power Lever Angle, 83°
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0.0000
-1.035
6.209
0.5182D-01
-0.1242
-10.3%
0.0000
-0.6209D-01
-48.94
93.13
-12.93

6

0.1060D-01

0.1059D-02
-0.9817
-0.53202D-01
-0.2118D-04

-0.7947p~0€ -0.6€67D-C7 -0.1263D-0€

0.0000

0.0000

0.0000

7

-1€05.
-1339.
0.0000
1.454
1.388
24.92
-17.72
725.5
~0.8307D-01
e.207
152.3
2.354
C.1€06
0.0000
-€.230
8667.

17
0.2190
~-0.4320
0.3094
-0.7736D-02
19.9€
Cc.1031
0.000C0
-0.2063D-01
0.1546D-02
0.1238D-02
0.0000
-1€.90
-0.6975
0.9981
~-0.4€EH0
0.1289

7

-9.216
c.ocon
-4, 631
0.0824
-0.5503Dp-01
-0.13C5D-03
0.2377D-08

8

-13.48
-11.38
0.0000
€.1207D-01
C.4830D~01
0.2815
-0.15L6
-13.70
0.2015Dp-03
0.6936D-01
1.382
1.168
0.1111D-02
-0.2173Dp-03
-0.5833D-01
54.9u

1€
-0.6776
0.u458
-0.6384
0.0000
~0.3192
0.00cC0C
-0.9789
-0.3405
0.0000
0.34C5D-02
0.0000
10.28
0.997¢
0.9578D-03
0.4787
-348.5

e

-0.7689D-01
0.0000
-0.3672D-01
0.00¢Cn
-0.23E53p-03
-0.%110p-08
0.2073D-07
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NOUMEWN -

9
0.0000
-0.7208p-01
64.73
-6131.
-0.2160D-02
0.4294D-05
0.00000

MATRIX D

N U E W -

1
0.4032
0.0000
0.0000

4.234
-0.3227p-03
0.3605D-06

0.0000

BATRIX Ag

~ AN EFE W

1
-4.722
-0.3438
0.59€65D-C1
-0.7693
0.6208D-01
0.8268D-02
0.9009D-01

MATPIX BS

NOoOAE W =

1
-75.73
5.136
-1.538
-38.16
12.35
-0.2075D-01
1.441

MATRIX CS

SN E WN

1
0.1859D-01
~0.1122D-06
-0.1896D-01
-0.2919D0-01
0.2416D-05
0.1337D-06
0.5619Dp-09

MATEIX DS

N E W

30

1

0.6905
-0.10200-03

2.858

-0.2215
0.1225Dp-02
0.6005D-10
-0.1201D-09

10
0.0000
0.0000
0.0000
-3.698

-0.5542Dp-02
-0.2202p-05
-0.3743D-04

2
0.5675D-02
1.000
-0.5102
0.5670p-01
~0.5680D-04
0.0000
0.0000

11
0.2134D-03
0.0000
0.0000
0.0000
0.6393D-06

~0.2542D~C8
-0.2161D-07

3
0.0000
-0.2477p-01
155€.
-2.478
0.9513D-03
-0.1477D-05
0.0000

12
C.0000
0.0000
0.9417

-0.10489

-0.8391D-04
0.0000
0.0000

u
0.0000

13
0.2698
0.1350D-01

25.62
-1.351

-0.8100D-03
-0.2413D-05

0.0C00

3

-0.6981D-05

0.1400p-04 -0.1387D-05

0.0000
-0.1400D-C2

0.3502p-06
-0.2504D-08

0.0000

0.0000
0.16€4D-02

-0.1110D-06

0.0000
0.0000

14
-0.4967
0.0000
-Le.31
-1.657
0.0000
-0.1974D-05
0.0000

1g

-0.3289p-02

0.0000
-0.1483
-0.4951D-01
-0.8252p-08

0.1967D-07

0.90000

Seventh-Order System at Sea-Level-Static - Intermediate-Power Condition
Power Lever Angle, 83°

2
0.1261
-10.65

1.7489
~-40.55
-0.1598
-1.125
-0.9306Dp-01

2
2.430
-502.9
75.31
-1697.
2.814
-43.14
-5.879

2

~0.10€5p-03

0.9137D-05
-0.4289D-01

-1.075
-0.1636D-04
-0.9095D-11

0.3750D-08

2
-0.6711D-01
1.0000
-3.175
-47.082
0.2634p-03
~0.8490D-09
-0.1446D-07

3
-0.4135
191.7
-35.10
663.9
1.596
31.36
-0.1994

-69€.4

27.63
-22.72
-362.9
-3731.
~-13.50

501.4

3

0.6€609D-03
~0.2006D-03

0.4850

17.19
0.1548D-03
-0.1213p-07
-0.6389D-07

3

-0.3858p-01
0.1332p-01

5766.

11.46

-0.159%
-0.4384p-07
0.4484D-08

4
11.59
0.7686D-01
-0.9937D-02
-54,74
0.1091
-1.489
0.81¢4p-02

y

-0.2319D0-02
0.2196D-01
0.2501
0.1751

-0.1049Dp-01
0.3753D-02
0.2686D-03

u
0.3532p-03
0.2101D-04

-0.3805
0.1588p-01

-0.25€62Dp-05

-0.6653Dp-11

-0.7340D-13

4
-0.9737D-06
0.2670D-07
0.1481D-C2
0.4924p-02
-0.1101D-05
0.2859p-11
-0.1430D-12

5
-701.6
154.9
-27.30
823.0
-1712.
5.868
488.8

5
0.3385p-02
0.4123p-02

-0.2248D-02
¢.2097D-01
0.6110D-01

-0.6767D-03

-0.5071p-03

S
-0.1099
0.1201D-01
a5u.¢
26.33
-0.1538
-0.418€6D-07
0.6593p-08

s
0.8183Dp-08
-0.2874D-05
-0.2061D-01
0.7511D-03
0.3752D-07
0.4353p-12
-0.8934Dp-13

480.8
-245.8
1.043
-125.0
38.20
-52.33
-1.003

€
-0.1059p-01
-0.578€D-03
-1.552
-0.830¢
0.3228p-03
0.1318Dp-09
0.3306D-10

-827.6
-287.0

50.84
-747.0

14777
-10.€9
-4€0.2

7
0.1167
~0.1274D~01
100.1
-36.16
0.1414
-0.1509Dp-01
0.1842p-06

1€
0.0000
0.00C0
0.0000
-0.34C0D-M
0.4154p-02
0.€088D-0"
0.0000



MATERIX HS

Y
SWO YO EWN

1
12
13
14
15
1€

1
1.000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.9825D-04
-0.2913p-01
0.1733D-03
0.9434Dp-02
-0.2088D-05
0.1946D-01
0.2368D-01
0.6951p-03
0.1466D-02

MATRIX Hu

-
_OWVWRJOUVBFEFWN

12
13
14
1€

16

1
0.0000
0.0000
0.0000
0.0000
€.0000
0.0000
0.0000
0.1434p-02
0.2444

-0.1750D-02
-0.3245p-01
-0.7673D-04
2.138
1.11
-0.6864
-0.6974

DEFINE XT =
THE SYSTEM

MATRIX Kc

1
2
3
L
5

1
-4.7689
-0.5289
0.6971D-01
-0.9301
0.3553

MATRIX Bc

1
2
3
"
5

1
-77.89
4.492
-1.380
-40.37
16.94

nATRIx'ES

1
2
3
y
5
6
7

1
0.1862D-01
-0.2671D-05
0.4193Dp-03
-0.3636D-01
0.3010D-04
0.1308D-06
0.5979D-09

2
0.0000
1.000
0.0000
0.0000
0.0000
0.0000
0.0000
0.2172p-03
-1.082
0.4969D-02
.5542p-02
0.9858p-05
0.2776D-01
0.1440D-01
-0.8835D-02
-0.9275D-02

2
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.2028D-01
47.75
-0.2177
-0.4592

0.2140D-03
0.3724
0.2730
-0.155¢
-0.1326

3
0.0000
0.0000

1.000
0.0000
0.0000
0.0000
0.0000

-0.1596D-02

17.30
0.96304

1.110

-0.7331Dp-04

-0.2613

~0.14¢1
0.8871D-01
0.9025p-01

3

0.00C0
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-1.040
-15.01
0.6502D~01
0.4581D-01
-1.0u3
-278.8

16.€2

90.15

90.93

TRANSPOSE OF VECTOR X

STATES ARE:

T =

y
0.0000
0.0000
0.0000

1.000
0.0000
0.0000
0.0000
0.1589p-03
0.1446D-01
0.17440-05

-0.1225p-03

-0.2586D-04
0.4135
0.4231

-0.3447D-01

-0.1638p-02

4
0.0000
0.0000
0.0000
0.0000
0.0000
0.000C
0.0000
0.6828D-04

-0.5214p-02

-0.1983D-0°%

-0.1761D-05

-0.3037D-05

-0.1741D-02

-0.1281D-02
0.6089D-03
0.€228D-03

S
0.0000
0.0000
0.0000
0.0000

1.000
0.0000
0.0000
0.999¢

29.21

-0.9705D-01
-0.1726D-01

1.043

268.2

136.7
-86.83
-87.55

5
0.0000
0.0000
0.0000
0.0000
0.0C00
0.0000
0.0000
0.1040D-04

-0.8035p-03
-0.1535D-05
0.1132p-03
0.1551D-05
0.1218D-03
-0.2739D-01
-0.3647D-08
-0.4€75D~-00

(NL, NH, P4,T41,P7,PU41,P13)

6
0.0000
0.0000
0.0000
0.0cCo00
0.0000

1.000
0.0000
~0.3147D-02
-0.7879
-0.5375p-03
0.1€01D-01
-0.725€Dp~-03
-0.6523
2.289
1.57¢9
0.1958

7
0.0cCo
c.0000
0.0000
0.0000C
0.00c0
0.0000
1.c00
7.00€¢
-38.97
0.1650
E.S€6
0.9152Dp-02
-242.14
-129.7
R1.82
82.13

Fifth-Order System at Sea-Level-Static - Intermediate-Power Condition
Power Lever Angle, 83°

2
-10. 11
-5.334

1.719
-37.75
-1.209

~-387.0
-297.7

73.89
-1586.
-44.80

2
0.1025D-03
0.2345Dp-04

-0.2513p-01
-1.051

-0.4527D-04
0.2334Dp-08
0.3721Dp-08

288.8
44.87
-34.56
£90.3
21.93

-1503.
~167.1

32,22
-1117.
-2139.

3
-0.5889Dp-02
-0.5230D-03
-0.6200

16.75
0.1022p-03
0.1422p-07

-0.6419D-07

o
-2.13¢€
7.050
-0.3£58D-01
-€1.24
-0.B€03

4
0.3094D-01
0.3873p-02
0.2502
0.1647

-0.4886Dp-02

I
0.6638D-03
0.3636D-04

-0.2883
0.3664D-01

-0.4549D-06

-0.121€p-08
0.1370D-10C

-1313.
-124.2

26.61
-357.5
-147.3

5
-0.2160D-02
0.7556D-02
-0.2316D-02
0.2336D-01
0.5903D-01

s

0.1522D-01
-0.1468D-02

561.4

-12.00
-0.3576D-02
-0.1€08D-04
0.2022D-06
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MATRIX Dg
1 2 3 4 S
1 0.6909 -0.5969D-01 0.9375D-01 -0.1501D-05 0.4184D~-04
2 -0.1413p-03 1.001 -0.29€60p-03 0.3088p-07 -0.2853p~05
3 3.173 -2.9¢8 5876. 0.1566p-02 -0.2069D-01
4 -0.3339 -u46.34 -27.¢8 0.4794p-02 C€.8005D~03
] 0.16€8D-02 -0.1555p-02 -0.53€5p-02 ~0.8022D-06 -0.1185D~06
6 -0.4723p-07 0.1648D-06 -0.1650D-04 -0.2655D-10 0.1664D~10
7 0.4570D-09 -0.1651D-07 0.2053D-06 0.2184D-12 -0.2876D~12
MATRIX Hg
1 2 3 L] g
1 1.000 0.0000 0.0000 0.0000 0.0000
2 0.0000 1.000 0.00C0 0.0000 0.0000
3 0.0000 0.0000 1.0€00 0.0000 0.0000
4 0.0000 0.0000 0.0000 1.000 0.0000
5 0.0000 0.0000 0.0000 0.0000 1.000
6 0.1181D-03 -0.2146D-01 0.599¢ -0.2847p~-01 -0. 1050
7 0.1955D-03 ~0.1554D-03 -0.1781D-02 0.7988D-04 1.062
8 0.1468D-02 -0.8041D-03 -0.1568D-01 0.8081p~-03 8.443
9 -0.3€84Dp-01 -1.059 16.8¢9 0.3378p-01 -12.10
10 0.2055D-03 0.4954p-02 0.9628 0.3022D-04 0.782€D-01
1 0.1072D-01 0.4577D-02 1.1C8 -0.5376D~-04 €.957
12 -0.3837p-06 0.2401D-04 -0.52483D-03 -0.8476D-0¢F 1.053
13 -0.2801D0-01 0.7943D-01 -0.2305 0.412¢ 10.72
14 -0.1403p-02 -0.1457D-01 1.449 0.347¢ -1.304
15 0.1680D-01 -0.5539D-01 0.8940 ~0.72¢2p-01 -0.4927
16 0.1755D~01 -0.2€624D-01 0.€467D-01 -0.6498D~03 ~0.3110
MATRIX H
1 2 3 q S
1 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.0000 0.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0000 0.0000 0.0000 0.000¢C
5 0.0000 0.0000 0.0000 0.0000 0.0000
(] 0.1037D-02 0.8221 0.43803 -0.7132D-04 0.1271D-04
7 -0.3134D-C2 0.1098Dp-01 -1.091 -0.1949p-08 0.1C74D~05
8 -0.2052D-01 0.5407D-01 -8.681 0.5485p~-04 0.1788D-04
9 0.3657 46.€8 27.11 -0.5082p-02 -0.8553D-~03
10 -0.2268D-02 -0.2163 -0.1151 -0.2266D-05 -0.1365D-05
11 -0.5301D-01 -0.3739 -7.107 -0.1570D-04 0.1205D~03
12 -0.1062D-03 -0.2820D-03 -1.0E3 -0.3003p-05 0.1852D-05
13 2.897 ~2.826 -14.83 ~0.1222D-02 -0.1469D-03
14 1.52¢0 0.7307 159.3 -0.1192p-02 -0.2750D-01
15 -0.9399 2.037 2,123 0.3375D-03 0.7106D-~04
16 -0.8546 0.9303 1.455 0.4488p-03 0.8396D-04
DEFINE XT = TRANSPOSE OF VECTOR X
T = (NL,NH,PY4,TU41,P7)
Third-Order System at Sea-Level-Static - Intermediate-Power Condition;
Power Lever Angle, 83°
MATRIX AS
1 2 3
1 -8.137 -3.252 153.8
2 -1.012 -9.822 111.3
3 0.1409 1.636 ~32.68
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MATRIX ES

1
2
3

1
-238.0
~22.68

1.997

MATEIX CS

NdouvmEsEwn =

1
0.1863p-01
-0.7851D-05
1.485
-0.6920D-01
0.2073Dp-04
0.886 0p-07
0.1128D-08

MATRIX D
Ix Dy

1
2
3
y
5
6
7

1

0.6917
-0.3847D-03

73.66

-1.891
0.1223Dp-02
-0.2050p-05
0.2566D-07

MATRIX HS

WO WN =

10
11
12
13
14
1€

16

1
1.000
0.0000
0.0000
-0.3647D-01
0.2626D-02
¢.8807D-03
0.2982Dp-02
0.2361D-01
-0.€986D-01
0.4098D-03
0.2899p-01
0.2764D-02
-0.1491D-01
-0.1750D-01
0.1817D-01
0.1675D-01

MATRIX Hu

VoI EWwN =

10

12
13
1
15
16

1
0.0000
0.0000
0.0000

1.658

-0.1247

-0.3307p-01

-0.1355
-1.072

1.931

-0.1198D-01

-0.9207
-0.1314
2.244
2.259
-0.9993

-0.9169

DEFINE XT =

-153.9
-493.6
71.54

2
-0.4297D-03
0.3679Dp-05
-2.107
-1.0629
~0.3038p-084
0.6867D-07
0.2887D-08

2
-0.8159D-01
0.9997
~-66.58
-45.89
-0.1081D-02
0.2270D-05
-0.4295Dp-07

2
0.0000
1.000
0.0000
-0.7083
-0.4073D-02
-0.8722p-03
-0.4539D-02
-0.3577D-01
-1.033
0.4614D-02
-0.2372D0-01
-0.42€61D-02
-0.25€6
-0.255u
-0.1728D-02
-0.2451D-01

2
0.0000
0.0000
0.0000

30.05
0.1287
~0.4679D-01
0.15¢1
1.165
4€.13
-0.2054
0.5198
0.1351
10.96
11.01
-0.2176
0.8707

3
0.1802p 05
2281.
-370.1

3

0.2659D-02
-0.2507D-03

43,99

16.13
-0.2070p-03
-0.1367p-05%
-0.4683D-07

3

-0.7964D-01
0.2475D-01

-2574.

155.6
0.4824D-01
0.2247p-03
-0.2829p-0%

3
0.0000
0.0000

1.000
10.93
0.8508p-01
0.2796
0.8953D~-01
0.7115
16.23
.2698
1.700
0.8900D~01
5.192
5.136
0.5526D~01
0.3111D-01

3
0.0000
0.0000
0.0000
-82.91

1£.01
1. 265
14.85
118.0
-1E7.4
1.057
27.31
14.75
111.¢
110.9
0.77u¢
-3.1€0

TRANSFOSE OF VECTOR X
THE SYSTEM STATES ARE:

XT = (NL,NH,

y
0.9437D-01
0.3893p-01
0.2487

1}
0.5966D-07
0.2410D-06

-0.2988p-01
0.5576D-02
-0.6102D-0€
0.8399Dp-09
-0.106%p-10

4
0.0000
0.0000
0.0000

-0.3593p-02
0.5417D-04
0.2528D-04
0.5532p-04
0.5093p~-03

-0.5859Dp-02
0.1864D-05
0.3€13p-03
0.5404p-08

-0.2125p-02

-0.2511D-02
0.5729p-03
0.4383p~03

P4)

5
-0.5418
-0.6119D-01

0.8816D~02

5

0.3654D~04
-0.3551D~05

0.2130
-0.4270D~02
~0.1602D~05
-0.6653D~08

0.8363D~-10

S
0.0000
0.0000
0.0000
0.2440D-02
-0.4151D-03
-0.1318D-04
-0.4397D-03
-0.3485D-02

0.4252p-02
-0.3378D-04
-0.2767D-02
~0.4355D-03
-0.3591D-02
-0.2612D-01

0.9761D-04

0.1715D-03
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TABLE 1. - EIGENVALUES FOR FULL STATE
LINEAR MODELS AT SEA LEVEL STATIC

AND VARIOUS POWER CONDITIONS
TABLE 1. - EIGENVALUES FOR FULL-STATE AND

Power Eigenvalue, Power Eigenvalue,
lever rad/sec lever rad/sec REDUCED-ORDER LINEAR MODELS AT SEA LEVEL
angle, angle, STATIC INTERMEDIATE POWER CONDITION
deg deg
[Power lever angle, 830.]
83 -4.86 52 -1.86 B
-6. 49 -3.36 Linear Eigenvalue, Linear Eigenvalue,
-15. 22§10, 75 -15.9+j7. 24 model rad/sec model rad/sec
-20.74 -20.7
-37.02xj8. 79 -96. 48 Full state -4, 86 7th order -49.3
-89, 31j40. 36 _45.62 (16th order) -6.49 -73.1
-1254§55. 31 -47. 441]38. 05 -15. 2241075 -2141
-49.4+j124.8 -98. 911j42. 05 -20.74 5th order a2
-38. 1j333. 9 -194. 38+j27.5 -37.0248. 79 6 85
-1542.6 -54. 14+j287. 94 ~89. 32740. 36 38, 844116, 05
1353 1 -1254j55. 31 -_1541 N
70 -4.3%j1. 30 .= -49.41j124. 8 .
-14.91+j8. 60 36 -2.174j0. 95 -38.1+j333.9 3rd order -4.24
-20.77 -19, 05+j8. 79 -1542. 6 -6.61
~31,22 -20. 26 -39.8
_42.95 _99.01 Tth order -4.80
-62. 58+]49. 61 -47. 34 -7.52
-102. 854j48. 91 -47.551j40. 39 -22.4
-140. 951j84. 05 -107. 384j45. 18 -31.1
-51.24+j312. 73 -160. 59
-1415.17 -292.9
-62. 13xj262. 21
-1344.9
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Figure 1. - Schematic representation of F100-PW-100(3) augmented turbofan engine.
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